Introduction {#Sec1}
============

A major open question in climate science is whether the spatial and temporal organization of deep convection (known as convective clustering) in the tropics matters for the climate and the climate response to natural or anthropogenic perturbations^[@CR1]^. The convective clustering has been shown to have a large influence on the atmospheric state in idealized simulations of radiative-convective equilibrium^[@CR2]--[@CR5]^. In general, more clustered states are associated with larger subsiding regions, a drier atmosphere, higher tropospheric temperatures and a larger variance of water vapor^[@CR6]^. In Earth's tropics, deep convection predominantly occurs in the intertropical convergence zone (ITCZ) sometimes also referred to as rain belt^[@CR1]^, which naturally raises the question if the organization of deep convection within the ITCZ also affects the tropical climate in a similar way. The ITCZ and its properties have been identified in different ways in the past by considering the regions of strong precipitation, strong low-level meridional mass convergence, strong tropospheric ascending motions or regions with changes in the sign of the mean-meridional energy flux^[@CR7]--[@CR12]^. Using these different methods, it has been shown that the position and the width of the ITCZ are affected by changes in the atmospheric energy budget^[@CR8]--[@CR20]^. Since the convective clustering has been shown to affect the atmospheric energy budget^[@CR6],[@CR21]^, we suspect a link between the convective clustering and ITCZ properties.

On Earth, the organization and meridional position of intense convection can vary zonally due to zonal variations in the boundary conditions such as the presence of continents, orography and areas of high and low sea-surface temperatures^[@CR22]--[@CR27]^. Furthermore, atmospheric waves and extratropical disturbances can induce zonal variations in convective activity^[@CR27]--[@CR31]^. These zonal variations can occur on a spatial scale ranging from a few kilometers^[@CR32],[@CR33]^ to planetary scale patterns as in the case of the Madden Julian Oscillation (MJO)^[@CR34]--[@CR36]^. Here we investigate how different forms of zonal convective clustering affect the ITCZ and the tropical large-scale circulation.

Using observations we show that when convection is clustered along the equator the ITCZ widens and exhibits a double-peak structure. We can simulate the same behavior when imposing zonally varying patterns of evaporation in numerical experiments, implying that the zonal convective clustering can by itself cause the observed behavior. The results of our simulations suggest that this can be explained by the reduced atmospheric cloud-radiative effect in the equatorial atmosphere that reduces the net atmospheric energy uptake. This leads to a weakening of the meridional atmospheric energy transport and the large-scale circulation, and thus to a widening of the ITCZ. About half of the variance explained between the zonal convective clustering and the width of the ITCZ is associated with the seasonal cycle, and the other half with unforced natural variability. The results highlight the importance of the convective clustering for modeling the tropical large-scale circulation and the precipitation distribution accurately.

Results {#Sec2}
=======

Characterizing zonal convective clustering and ITCZ properties {#Sec3}
--------------------------------------------------------------

We start by investigating the relationship between the zonal clustering of convection and the observed meridional precipitation distribution using the Global Precipitation Climatology Project (GPCP) dataset^[@CR37],[@CR38]^. We characterize the degree of zonal convective clustering by the spatial concentration of convection in the zonal direction along the equator, with strong (weak) clustering corresponding to a small (large) fractional area covered by convection. Several metrics can be used for this purpose (see Methods section). We will focus here on the monthly mean of the zonal standard deviation of the meridional average of precipitation from 6 S to 6 N, normalized by the mean precipitation over the equatorial band from 6 S to 6 N, a metric referred to as $\documentclass[12pt]{minimal}
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                \begin{document}$${S}_{\lambda }(P)$$\end{document}$. The idea behind this metric is that the zonal standard deviation of precipitation is larger when the precipitation, and thus the convection, is spatially concentrated, whereas it is small when precipitation is uniformly distributed. An example of situations with strong and weak clustering is shown in Fig. [1](#Fig1){ref-type="fig"}. The other metrics used for zonal convective clustering here, are, first, the subsidence fraction in the band from 6 S to 6 N and, second, the minimum area fraction that receives 80% of precipitation in the band from 6 S to 6 N. This way of characterizing convective clustering is reminiscent of previous work on convective clustering in radiative-convective equilibrium configurations where it was found that stronger convective clustering was associated with a larger spatial variance of precipitation and moisture^[@CR2]--[@CR6],[@CR39],[@CR40]^. Calculating the convective clustering in the region from 6 S to 6 N makes the interpretation of the results difficult in months in which the ITCZ moves far away from the equator, notably in boreal summer. Therefore, we expect any relation between the convective clustering and other variables to be most meaningful when the zonal-mean tropical precipitation distribution is approximately symmetric about the equator (which occurs between November and May). The width of the ITCZ is characterized by using the precipitation. More precisely we define the width of the ITCZ $\documentclass[12pt]{minimal}
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                \begin{document}$${W}_{P}$$\end{document}$ as the ratio between the mean precipitation from 15 S to 15 N and the mean precipitation from 6 S to 6 N. Thus, the larger the value of $\documentclass[12pt]{minimal}
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                \begin{document}$${W}_{P}$$\end{document}$ the wider the ITCZ. Note that this definition treats cases of ITCZs with single and double-peak structure identically, implying that for double-peak structure the width is tied to the width of the bulk low-latitude precipitation, rather than to the width of each individual peak. Additionally, we use a dynamical indicator for the width of the ITCZ ($\documentclass[12pt]{minimal}
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                \begin{document}$${W}_{\omega }$$\end{document}$) in a few cases, namely the width of mean ascent at 500 hPa^[@CR15]^ which has been a popular indicator in recent studies^[@CR10],[@CR12],[@CR15],[@CR18]^. The two metrics for the width are positively correlated when all months are considered and highly correlated when only months with a hemispherically symmetric distribution of precipitation in the tropics are considered (Supplementary Table 1).Fig. 1Examples of observed weak and strong convective clustering. **a** The mean precipitation of the December month with the weakest convective clustering and **b** the December month with the strongest convective clustering. In the case of strong convective clustering the zonal-mean precipitation distribution (shown on the right) is wider than in the case of weak clustering. The red line on the right-hand side panels shows the vertical pressure velocity at the 500 hPa level ($\documentclass[12pt]{minimal}
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                \begin{document}$${\omega }_{\text{500hPa}}$$\end{document}$) inferred from the ERA-interim reanalysis dataset for the same months. Note that even in the strong clustering case with a distinct precipitation-inferred double-peak structure of the intertropical convergence zone (ITCZ) there is just one upwelling region (with negative $\documentclass[12pt]{minimal}
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                \begin{document}$${\omega }_{500\text{hPa}}$$\end{document}$), and thus the dynamical width inferred with this quantity comprises both peaks. $\documentclass[12pt]{minimal}
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                \begin{document}$${S}_{\lambda }(P)$$\end{document}$ denotes the zonal convective clustering, $\documentclass[12pt]{minimal}
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                \begin{document}$${W}_{P}$$\end{document}$ the precipitation-inferred and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${W}_{\omega }$$\end{document}$ the dynamically inferred width of the ITCZ. Note that the precipitation displayed on the two map-plots was smoothed for better visibility using a nine-point smoothing algorithm

Zonal clustering in observations and in simulations {#Sec4}
---------------------------------------------------

The results suggest that stronger zonal convective clustering is associated with less equatorial precipitation and with a wider ITCZ (Fig. [2](#Fig2){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}). This is both true for the width inferred from precipitation $\documentclass[12pt]{minimal}
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                \begin{document}$${W}_{P}$$\end{document}$ and for the dynamically inferred width $\documentclass[12pt]{minimal}
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                \begin{document}$${W}_{\omega }$$\end{document}$. The behavior is particularly pronounced during months with a hemispherically symmetric tropical precipitation distribution (Fig. [2](#Fig2){ref-type="fig"}, see Methods section for our definition of hemispheric symmetry). Moreover, in months with a symmetric precipitation distribution stronger zonal convective clustering is also associated with a more pronounced double-peak structure. Note that in monthly zonal-mean ERA-interim reanalysis data^[@CR41]^, double-peaked ITCZs are not associated with an equatorial anti-Hadley circulation as is sometimes the case in idealized simulations^[@CR42]^. Thus even in cases with a double-peak ITCZ, there is no zonal-mean descending motion between the peaks, and the dynamical width of the ITCZ as defined in the methods therefore encompasses both (precipitation) peaks of the ITCZ. So, both from a dynamical and from a precipitation point of view, double-peaked ITCZs are associated with wider ITCZs in months with a symmetric precipitation distribution (Supplementary Table 1). A similar behavior has also been found in idealized aquaplanet simulations^[@CR11],[@CR16]^.Fig. 2Properties of the intertropical convergence zone as a function of convective clustering. **a** The monthly means of the equatorial mean precipitation $\documentclass[12pt]{minimal}
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                \begin{document}$${P}_{\text{E}}$$\end{document}$^[@CR56]^ as a function of the zonal convective clustering (*S*$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{\lambda }(P)$$\end{document}$) for the GPCP observational dataset from October 1996 until December 2016. **b** The same but for the precipitation-inferred width of the intertropical convergence zone ($\documentclass[12pt]{minimal}
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                \begin{document}$${W}_{P}$$\end{document}$). Red circles denote the months with a tropical precipitation distribution that is symmetric about the equator and black circles those with an asymmetric distribution. The red line is obtained by linear regression to the red circles and the black line is obtained by linear regression to all (red and black) circles. **c** The same as **a** but for a suite of model simulations associated with different zonal convective clustering, with each marker representing the statistically steady-state mean value of a simulation. **d** The same as **c** but for $\documentclass[12pt]{minimal}
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                \begin{document}$${S}_{\lambda }(P)$$\end{document}$ (GPCP sym)(−) 72%(+) 78%(+) 70%(+) 56%(−) 70%(+) 32%(+) 4%(+) 74%(−) 71%(−) 53%(−) 72%$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${S}_{\lambda }(P)$$\end{document}$ (simulations)(−) 58%(+) 82%(+) 78%(+) 14%(−) 74%(+) 55%(−) 74%(+) 82%(−) 71%(−) 65%(−) 74%The Table shows the variance explained (square of the correlation coefficient) between the zonal convective clustering ($\documentclass[12pt]{minimal}
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                \begin{document}$${S}_{\lambda }(P)$$\end{document}$) and different climate variables as well as the sign of the correlation coefficient between these. The correlation coefficients are calculated using monthly mean data from observational (GPCP data for precipitation-inferred quantities and CERES-EBAF for energy fluxes) or from the ERA-interim reanalysis datasets (for all other quantities) and statistically steady-state mean data for the aquaplanet simulations (last row). $\documentclass[12pt]{minimal}
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                \begin{document}$${P}_{\text{E}}$$\end{document}$ denotes the equatorial mean precipitation, $\documentclass[12pt]{minimal}
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                \begin{document}$${W}_{\omega }$$\end{document}$ the dynamically inferred width of the intertropical convergence zone (ITCZ), $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\phi }_{\text{S}}$$\end{document}$ denotes the distance between the two peaks in zonal-mean precipitation following ref. ^[@CR56]^, $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{\text{2m}}$$\end{document}$ denotes the average 2m temperature from 6S to 6N, $\documentclass[12pt]{minimal}
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                \begin{document}$${\Delta }_{\lambda }{T}_{\text{2m}}$$\end{document}$ the zonal standard deviation in 2m temperature, $\documentclass[12pt]{minimal}
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                \begin{document}$${\Delta }_{\phi }{T}_{\text{2m}}$$\end{document}$ the difference in average 2m temperature between the zonal band from 6 S to 6 N and the two zonal bands from 10 to 16 degrees latitude, $\documentclass[12pt]{minimal}
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                \begin{document}$${\nabla }_{\lambda }\cdot q{\bf{u}}$$\end{document}$ the zonal standard deviation of zonal moisture convergence at the equator normalized by the equatorial precipitation and $\documentclass[12pt]{minimal}
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                \begin{document}$${\nabla }_{\phi }\cdot q{\bf{v}}$$\end{document}$ the mean meridional moisture convergence. $\documentclass[12pt]{minimal}
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                \begin{document}$${H}_{\text{rad}}$$\end{document}$ denotes the vertically integrated atmospheric radiative cooling between 6 S and 6 N calculated from the CERES-EBAF data set and $\documentclass[12pt]{minimal}
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                \begin{document}$${H}_{\text{ACRE}}$$\end{document}$ its cloud-radiative contribution (only from March 2000 to December 2016). Values in the first row were calculated taking all months into account, whereas values in the second row only took the values for the months with a symmetric precipitation distribution about the equator

To assess whether a convective clustering effect is sufficient to explain the observed relationship between the width of the ITCZ and the zonal convective clustering, we perform numerical experiments with the state-of-the-art atmospheric general circulation model IPSL-CM5A-MR (see Methods). Previous results with an idealized dry atmosphere model suggest that zonal heating patterns can cause regional changes in ITCZ^[@CR43]^, which motivates us to investigate if we can even produce a zonal mean response by imposing zonal heating patterns in a model with state-of-the-art physics. We choose an idealized aquaplanet (fully water covered planet) setup with a fixed zonally uniform distribution of sea-surface temperatures to drive different states of zonal convective clustering and study how the ITCZ responds. To force the convection into the desired patterns, we prescribe zonally varying evaporation patterns such that the zonal mean is preserved (see Methods, Fig. [3](#Fig3){ref-type="fig"} and Supplementary Fig. 1). As in observations, stronger zonal convective clustering along the equator leads to a wider ITCZ in these simulations (Fig. [2](#Fig2){ref-type="fig"}, Table [1)](#Tab1){ref-type="table"}. Since we only impose zonal changes, this shows that changes in zonal convective clustering are sufficient to drive changes in the ITCZ width.Fig. 3Evaporation and precipitation patterns. **a** The temporal mean evaporation in the simulation with prescribed evaporation according to a wavenumber ($\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha$$\end{document}$) of four times the zonal-mean evaporation (at the equator). **b** The same but for the precipitation instead of the evaporation. **c** The temporal-mean evaporation as a function of longitude at the equator for the three employed amplitudes corresponding to 2, 4 and 8 times the zonal-mean value (all for wavenumber 8). Note that since the zonal-mean evaporation is the same in all simulations, a larger amplitude implies a spatial contraction of the regions of increased evaporation. **d** The same as **c** but for the temporal mean precipitation. The temporal means are taken in a statistically steady state for all displayed simulation results

The imposed zonal patterns of evaporation may also affect the atmospheric moisture budget. Since the evaporation is held approximately constant near the equator in our simulations, any change in steady-state precipitation has to be compensated by a change in moisture convergence. Since the equatorial-mean precipitation decreases with stronger convective clustering, the equatorial-mean meridional moisture convergence thus decreases as well (Fig. [4](#Fig4){ref-type="fig"}). A decrease in equatorial-mean meridional moisture convergence is also found in the daily ERA-Interim reanalysis data (Fig. [4)](#Fig4){ref-type="fig"}. While the meridional convergence decreases, the contribution of the anomalous zonal moisture convergence to the equatorial precipitation increases in both the reanalysis data and simulations. This suggests that in more clustered states, a larger fraction of the moisture convergence into the convective regions occurs along the zonal direction. The increased zonal moisture convergence may thus contribute to a decrease in meridional moisture convergence as sketched in Fig. [5](#Fig5){ref-type="fig"}.Fig. 4Zonal and meridional moisture convergence. **a** The standard deviations of the equatorial zonal moisture convergence from the ERA-Interim reanalysis dataset normalized by the mean precipitation at the equator as a function of convective clustering (*S*$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{\lambda }(P)$$\end{document}$) (from GPCP). **b** The monthly mean meridional moisture convergence from the ERA-Interim reanalysis dataset at the equator as a function of convective clustering. Red circles denote the months with a tropical precipitation distribution that is symmetric about the equator and black circles those with an asymmetric distribution. The red line is obtained by linear regression to the red circles and the black line is obtained by linear regression to all (red and black) circles. **c** The same as **a** but for a suite of model simulations associated with different zonal convective clustering with each marker representing the statistically steady-state mean value of a simulation. **d** The same as **c** but for the mean meridional moisture convergenceFig. 5Sketch of clustered vs uniform states The sketch shows a perspective from the top of the atmosphere on the longitude-latitude plane. We indicate the regions of strong convection with white clouds over a blue (sea) surface. Yellow arrows indicate the dominating direction of moisture convergence in the boundary layer with their width indicating the strength of the flow. The dashed line corresponds to the center of the intertropical convergence zone (here to coincide with the equator). In the clustered state, the equatorial convection zones draw in moisture from all directions, and the increase of moisture convergence in zonal direction leads to a decrease in meridional moisture convergence. Therefore, more moisture is available for convection poleward of the equatorial region leading to more precipitation there, while the overall precipitation at the equator is smaller than in the zonally uniform case

An energetic perspective of convective clustering {#Sec5}
-------------------------------------------------

Several studies have shown that the behavior of the ITCZ could be explained to a large extent by energetic arguments^[@CR10]--[@CR13],[@CR15]--[@CR18]^. Consistently, the widening of the ITCZ with the convective clustering in our simulations can be interpreted by looking at the atmospheric energy budget. The reduction of areas covered by deep convective clouds with stronger convective clustering leads to a reduction of the equatorial atmospheric cloud-radiative effect. Since the changes in atmospheric clear-sky radiative cooling and turbulent energy fluxes at the surface are small in comparison, the decrease in the equatorial atmospheric cloud-radiative effect results in a decrease in net atmospheric energy uptake (sum of the vertically integrated radiative heating and the surface turbulent fluxes) and in a weakening of the mean meridional circulation^[@CR10],[@CR11],[@CR15],[@CR18],[@CR44]^ (Fig. [6](#Fig6){ref-type="fig"}). We can show this more quantitatively by following previous work^[@CR10],[@CR11],[@CR18]^: Taking advantage of the statistically steady-state conditions and the hemispheric symmetry in our simulations, we can write the strength of the meridional circulation $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi$$\end{document}$. Moreover, the gross moist stability increases with clustering in our simulations (Fig. [6)](#Fig6){ref-type="fig"}, implying that the gross moist stability also substantially contributes to the weakening of the Hadley circulation. A weakening of the mean-meridional circulation leads to a widening of the ascent region, due to a reduction of low-level up-gradient meridional advection of moist static energy (MSE) and to the associated widening of the low-level MSE distribution^[@CR11]^. The weakening of the mean meridional circulation is thus consistent with a wider ascent region and precipitation distribution (Fig. [6)](#Fig6){ref-type="fig"}. A similar framework even predicts a narrowing of the width of the dynamical ITCZ relative to the total extent of the Hadley circulation, if the contribution of the net atmospheric energy uptake from the ascending region (corresponding to the dynamical ITCZ) decreases relative to the atmospheric energy uptake of the entire Hadley circulation^[@CR10]^.

Does the zonal convective clustering have the same influence on the cloud-radiative effect in observations? With the observational energy balanced and filled (EBAF) dataset of the Clouds and the Earth's Radiant Energy System (CERES)^[@CR45]--[@CR47]^, we find indeed that a stronger zonal convective clustering is associated with a weaker atmospheric cloud-radiative effect and an enhanced equatorial atmospheric radiative cooling (Table [1](#Tab1){ref-type="table"}, Supplementary Fig. 2). However, the uncertainties in the radiative fluxes from CERES-EBAF are currently too large to assess whether these relations are indeed robust (see Methods). So while these observations in principle tend to support the energetic framework outlined above, a rigorous observational verification is not yet possible. It is left to future investigations to determine whether the change in net atmospheric energy uptake with convective clustering indeed scales with the atmospheric cloud-radiative effect.Fig. 6The impact of the atmospheric energy budget on the width of the intertropical convergence zone in the simulations. **a** The net atmospheric energy uptake averaged from 6 N to 6 S, **b** the atmospheric cloud-radiative effect (ACRE) and **c** the total vertically integrated radiative cooling as a function of the precipitation-inferred width of the intertropical convergence zone (ITCZ, $\documentclass[12pt]{minimal}
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While the energetic mechanism explains the results well in the simulations, other mechanisms may also contribute to the observed link between zonal convective clustering and the width of the ITCZ. In particular, it would be interesting to see what additional insights one may gain in this regard from dynamical frameworks, such as from Matsuno-Gill type models^[@CR31],[@CR43],[@CR48]--[@CR51]^. Such models could be especially useful to study the dynamic response associated with changing the zonal wavenumber on the one hand and with changing the amplitude of the imposed evaporation forcing on the other hand. In our simulations, the amplitude has the largest effect on the zonal convective clustering (Supplementary Table 2), with an increase in amplitude leading to a widening of the ITCZ and a reduction of equatorial precipitation, but we will leave the determination of the involved mechanisms to future studies.

As mentioned earlier the widening of the ITCZ with stronger zonal convective clustering also tends to be associated with a more pronounced double-peak structure of the ITCZ. The transition from a single to a double ITCZ with a weaker circulation can be explained by the decreasing magnitude of the mean meridional circulation relative to the turbulent surface energy fluxes: The turbulent energy fluxes have two maxima off the equator, where the trades are stronger, and thus favor two peaks in the low-level MSE structure^[@CR52]^, whereas a strong mean-meridional circulation favors one peak due to strong upgradient meridional advection of MSE^[@CR11],[@CR53]^. Therefore, a weakening of the mean-meridional circulation does not only lead to a widening of the ITCZ but also favors a double ITCZ structure due to the increased importance of the turbulent surface energy fluxes in setting the zonal-mean meridional low-level MSE distribution. Whether the link between the width of the ITCZ and the double-peak structure can also be explained by alternative arguments, will have to be explored in the future.

Discussion {#Sec6}
==========

Changes in the partitioning between zonal and meridional convergence have been observed during the El-Niño Southern Oscillation (ENSO)^[@CR25],[@CR54]^ and were found in aquaplanet simulations with zonal heterogeneities in tropical surface temperatures^[@CR55]^. The zonally oriented Walker circulation and the meridionally oriented Hadley circulation are anti-correlated, with a weaker (stronger) Walker (Hadley) circulation during El Niño events^[@CR25],[@CR54]^. The meridional circulation also weakens and the zonal circulation strengthens when zonal asymmetries are introduced in simulations^[@CR55]^. Our observational results are consistent with these findings, although ENSO (evaluated with the Nino 3.4 index) explains only 11% of the variance in zonal convective clustering, 32% of the variance in the equatorial mean precipitation and 21% of the variance in the width of the ITCZ. ENSO is thus not the main contributor to the observed variations.

This raises the question as to whether additional modes of natural variability could explain the variance in convective clustering. A spectral analysis of the zonal convective clustering suggests a strong signal from the annual and semi-annual cycles (Fig. [7](#Fig7){ref-type="fig"}), a weak ENSO signal and almost no signal from the MJO (less than 5% of the variance in clustering explained). To investigate how much of the link between zonal convective clustering and the ITCZ width comes from the annual cycle, we remove the annual cycle from the zonal convective clustering, from the equatorial precipitation and from the width of the ITCZ and find the variance explained between these variables to decrease by about half. However, a substantial correlation between the zonal convective clustering and the width of the ITCZ is also present in selected months (Supplementary Table 3), showing that the annual cycle is not the sole driver of the relationship between the convective clustering and the width of the ITCZ.Fig. 7Temporal spectra. **a** The amplitude of the temporal Fourier transform for the zonal convective clustering $\documentclass[12pt]{minimal}
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The annual and semi-annual cycles do not only influence the zonal convective clustering but also the 2m temperatures in the equatorial region (Fig. [7)](#Fig7){ref-type="fig"}, and we find a high anti-correlation between the tropical 2m temperatures and zonal convective clustering (Table [1)](#Tab1){ref-type="table"}. Changes in meridional near-surface temperature gradients could also lead to changes in the ITCZ width. So the high anti-correlation between zonal convective clustering and the deep tropical 2m temperature raises the question whether the changes in meridional near-surface temperature gradients could be driving both the changes in zonal convective clustering and the changes in ITCZ width. We find that this is not the case, since the zonal convective clustering is not associated with systematic changes in meridional near-surface temperature gradients (Table [1)](#Tab1){ref-type="table"}. Instead, stronger zonal convective clustering is favored by larger zonal temperature gradients (Table [1)](#Tab1){ref-type="table"}.

In summary, this study shows that there is a strong relationship between the zonal convective clustering and the meridional distribution of rainfall in the topics. At times of stronger clustering, the ITCZ widens, which reduces the mean precipitation close to the equator and promotes rainfall at higher tropical latitudes. Furthermore, the mean-meridional convergence decreases while the zonal circulations increase both in observations and in simulations. Our simulations show that the change in ITCZ width can be caused by changes in zonal clustering of convection, and not the opposite. They also suggest that stronger zonal convective clustering decreases the cloud-radiative heating of the equatorial atmosphere thus leading to a smaller meridional gradient of net atmospheric energy uptake which weakens the meridional circulation and leads to a widening of the ITCZ. The largest changes in the zonal clustering found in observations are partly driven by zonal variations in surface temperature, in particular those related to the seasonal cycle, but our idealized aquaplanet simulations suggest that for a given surface temperature distribution the zonal clustering itself amplifies these effects (Table [1)](#Tab1){ref-type="table"}. The substantial impact of the zonal clustering of convection on the tropical rainfall distribution suggests that the ability of models to represent the zonal convective clustering along the equator is of primary importance in the quest for more realistic predictions of the tropical rain belt. In particular, our study suggests that potential model biases in the zonal convective clustering could contribute to known biases in the width^[@CR15]^ and the double peak structure^[@CR56],[@CR57]^ of the ITCZ.

Methods {#Sec7}
=======

Indicators and observational and reanalysis data {#Sec8}
------------------------------------------------

We use the Global Precipitation Climatology Project (GPCP) daily data with a resolution of 0.75° × 0.75° for the period from October 1997 to December 2016^[@CR37],[@CR38]^ interpolated on a 1° × 1° lat-lon grid. We use this data to calculate the zonal-mean precipitation, the relative width of the precipitation-inferred ITCZ ($\documentclass[12pt]{minimal}
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                \begin{document}$${W}_{P}$$\end{document}$ is positive and increases with decreasing contribution of the band from 6 S to 6 N to the deep tropical mean precipitation and hence with a wider ITCZ.

We use a second metric to identify the width of the ITCZ namely the meridional extent of the region for which the zonal-mean vertical pressure velocity ($\documentclass[12pt]{minimal}
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                \begin{document}$${W}_{\omega }$$\end{document}$) around the maximum zonal-mean precipitation, indicating mean ascent^[@CR10],[@CR12],[@CR15],[@CR18]^. Since this also corresponds to the distance between the two maxima of the mean-meridional Eulerian mass-stream function at 500 hPa, this metric can be considered as a dynamical width of the ITCZ. The pressure velocity is obtained from the European Center for Medium-Range Weather Forecasts Interim Reanalysis (ERA-interim)^[@CR41]^ dataset from October 1996 to December 2016, by interpolating onto a lat-lon grid with $\documentclass[12pt]{minimal}
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In order to assess whether the precipitation is symmetric about the equator we use the tropical precipitation asymmetry index^[@CR8]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$$|{A}_{P}| \, < \, 0.4$$\end{document}$. With this definition around a third of all considered months are symmetric and all symmetric months lie between November and May. The months that are most often symmetric are December and April. Note that the differences between months with symmetric and asymmetric precipitation vanish for threshold value of $\documentclass[12pt]{minimal}
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                \begin{document}$$0.45$$\end{document}$ leading to the distinct differences presented in this manuscript.

To characterize the zonal convective clustering we use the monthly averaged daily zonal standard deviation of the meridionally averaged precipitation from 6 S to 6 N, normalized by the mean precipitation over that region:$$\documentclass[12pt]{minimal}
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                \begin{document}$$t$$\end{document}$ time. Overlines denote averages over the quantity denoted to the right.
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                \begin{document}$${S}_{\lambda }(P)$$\end{document}$ describes a purely zonal signal. The zonal standard deviation of precipitation can be expected to increase with the mean precipitation. To avoid such a dependence on the mean precipitation, we choose to divide the zonal standard deviation of precipitation by the mean precipitation. However, this division by the mean precipitation could by itself also lead to a dependency of $\documentclass[12pt]{minimal}
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                \begin{document}$${F}_{\text{0.8}\overline{P}}$$\end{document}$ is obtained by sorting the daily meridionally averaged precipitation values (obtained from GPCP) from 6 S to 6 N by magnitude for each month. The meridional averaging leads again to a purely zonal signal. We then count the number of points in time and longitude space necessary to reach 80 % of the total precipitation over the month in the region, when going from strong to weak precipitation. The resulting value is finally divided by the total amount of points in time and longitude space. $\documentclass[12pt]{minimal}
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We select the region of 6 S to 6 N to calculate the zonal clustering as a compromise between including the center of the zonal-mean meridional precipitation distribution in as many months as possible and keeping the meridional extent of the region small enough that the meridional averaging does not smooth too much of the zonal signal by including regions of subsidence in the margins. For example, using the region from 11 S to 11 N to calculate $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${S}_{\lambda }(P)$$\end{document}$ leads qualitatively to the same picture in the symmetric months, but the correlations between the $\documentclass[12pt]{minimal}
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                \begin{document}$${S}_{\lambda }(P)$$\end{document}$ is calculated from 6 S to 6 N.

The vertically integrated atmospheric radiative cooling is derived from the EBAF dataset of the CERES^[@CR45]--[@CR47]^ from March 2000 to December 2016. It is calculated as the difference between the monthly averaged net longwave plus shortwave fluxes at the top-of-the-atmosphere and the surface. The clear-sky atmospheric heating and the atmospheric cloud radiative heating are computed consistently by using either the clear-sky or the cloud radiative effect components of the top-of-the-atmosphere and surface components. The monthly CERES-EBAF data set at $\documentclass[12pt]{minimal}
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                \begin{document}$$2.5\ \mathrm{W}{\mathrm{m}}^{-2}$$\end{document}$ for the top-of-the-atmosphere radiative fluxes over the period from July 2002 to June 2015^[@CR46]^. The uncertainty of the CERES-EBAF global annual-mean surface radiative fluxes was estimated to be $\documentclass[12pt]{minimal}
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                \begin{document}$$15\ \mathrm{W}{\mathrm{m}}^{-2}$$\end{document}$ (Supplementary Fig. 2).

Climate model {#Sec9}
-------------

We perform simulations with the version 5A of the atmospheric component of the Institute Pierre Simon Laplace (IPSL) coupled model. We use the medium resolution version of the model (MR) that took part in the climate model intercomparison project phase 5 (CMIP5) under the acronym IPSL-CM5A-MR^[@CR58]--[@CR60]^. The atmospheric general-circulation model solves the primitive equations on a latitude-longitude Arakawa C-grid with a horizontal resolution of $\documentclass[12pt]{minimal}
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                \begin{document}$$1.2{5}^{\text{o}}\ {\rm{\times}}\ 2.5{3}^{\text{o}}$$\end{document}$ in latitude × longitude. The model uses hybrid sigma pressure coordinates in the vertical and resolves the atmosphere with 39 levels up to about 70 km height. The model physics include sub-grid parameterizations for the radiative transfer^[@CR61]^, turbulence and boundary layer dynamics^[@CR62],[@CR63]^, cumulus convection^[@CR64],[@CR65]^ and clouds^[@CR60],[@CR66]^. Detailed description of the model and its performance is given in refs. ^[@CR58],[@CR60]^ and ^[@CR59]^.

Boundary conditions {#Sec10}
-------------------

We perform simulations in an aquaplanet configuration, i.e. without land nor sea-ice. We assume perpetual equinox conditions, assuming a daily cycle but no seasonal cycle, and a total solar irradiance that is equivalent to $\documentclass[12pt]{minimal}
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                \begin{document}$$1366\ \mathrm{W}{\mathrm{m}}^{-2}$$\end{document}$. This allows us to ascertain that the results are not caused by the seasonal cycle. The radius, dry mass of the atmosphere, the acceleration from gravity and the inertial forces are prescribed to be equal to present-day Earth. We prescribe the sea-surface temperatures that are zonally uniform but exhibit meridional gradients to mimic Earth's mean meridional temperature gradients following the control distribution used by ref. ^[@CR67]^. Non-condensable greenhouse gases are fixed to the following concentrations: 1650 ppbv for $\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{CO}}}_{2}$$\end{document}$. In all these aspects (except for the use of the "control" sea-surface temperature distribution instead of QOBS) we follow the simple aquaplanet experiment (APE) protocol^[@CR67],[@CR68]^.

Evaporation patterns {#Sec11}
--------------------

It has been shown that convection tends to localize over maxima of boundary-layer MSE^[@CR11],[@CR52],[@CR69],[@CR70]^. Therefore, we control the spatial organization of convection by imposing evaporation patterns. Regions of increased evaporation and hence enhanced latent heat flux receive an increased influx of MSE. We thereby push the maxima of MSE in the boundary layer into the regions of increased evaporation and thus convection preferably localizes there (Fig. [3](#Fig3){ref-type="fig"} and Supplementary Fig. 1). In principle, we could force different convective patterns with different patterns of surface temperatures, but using the evaporation has the advantage of controlling the moisture flux into the atmosphere directly. Furthermore, the observed zonal convective clustering and the observed zonal evaporation clustering (calculated in the same way as the zonal convective clustering but using evaporation from ERA-interim instead of precipitation) are highly correlated with a correlation coefficient of 0.68 (0.84 in the case of a symmetric precipitation distribution about the equator).

In all but the control simulation, the zonal distribution of evaporation is prescribed within a zonal band from 10 S to 10 N. At higher latitudes the evaporation evolves freely. We choose to vary two parameters of the evaporation patterns: The total area of the regions with increased evaporation, and the distribution of these regions. We focus on the total convective area, as this is what we focused on in the observations. However, a given total convective area can be associated with different numbers of convective areas. To investigate the relative influence of the total area versus the number of convective areas we perturb the evaporation fields in two ways: such that the total area covered by convection varies and such that the total number of convective regions varies. The forced evaporation fields all have the same zonal means as in the control simulation but vary periodically in zonal direction. An example of evaporation fields is shown in Fig. [3](#Fig3){ref-type="fig"}. We define the imposed evaporation using the following function$$\documentclass[12pt]{minimal}
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                \begin{document}$$\text{mod}$$\end{document}$(*a*,*b*) denotes the real-valued reminder of the division of $\documentclass[12pt]{minimal}
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                \begin{document}$${\overline{{E}_{\text{c}}}}^{\lambda }(\phi )$$\end{document}$ denotes the zonal-mean evaporation from the control simulation and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\phi }_{\text{l}}$$\end{document}$ the latitude at which the amplitude of the zonal oscillation is zero. For any given $\documentclass[12pt]{minimal}
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                \begin{document}$${\phi }_{\text{l}}$$\end{document}$ the evaporation field is well defined, smooth and stationary. Furthermore, the zonal-means of the thus defined fields correspond to the zonal-mean evaporation from the control simulation at all latitudes ($\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha \, > \, 2$$\end{document}$ the sinusoid oscillations are interrupted by regions of constant evaporation (in zonal direction). The periods of the oscillations shorten with increasing $\documentclass[12pt]{minimal}
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                \begin{document}$${\phi }_{\text{l}}=10$$\end{document}$ in all experiments. Note that the standard deviation of the thus defined evaporation at the equator is independent of the zonal wavenumber. We thus expect that the zonal convective clustering (evaluated based on $\documentclass[12pt]{minimal}
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We relax the evaporation against the aforementioned field in a zonal band from 10 S to 10 N using Newtonian relaxation with$$\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta t$$\end{document}$ is the model time-step, $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau (\phi )$$\end{document}$ is the latitude-dependent relaxation constant. We model $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau (\phi )$$\end{document}$ according to$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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Experiments {#Sec12}
-----------

We perform experiments for a range of $\documentclass[12pt]{minimal}
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                \begin{document}$$\nu$$\end{document}$. These are all run for a total of 1080 (3 times 360) days. The first 360 days are discarded for spin-up noise, which leaves 720 days in a statistically steady state to analyze. In the control experiment (henceforth CTRL) the evaporation is unforced. The state of CTRL after 360 days is also used as initial condition to start the other experiments. $\documentclass[12pt]{minimal}
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                \begin{document}$${\overline{{E}_{\text{c}}}}^{\lambda }(\phi )$$\end{document}$, using the relaxation as specified in the previous section. In the other experiments, we apply different values of $\documentclass[12pt]{minimal}
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Model diagnostics {#Sec13}
-----------------

We use the same diagnostics to analyze the model simulations as for the observational and reanalysis datasets, except that we consider the daily values for the entire statistically steady-state period, instead of single months. Hence, whenever a scatter plot with model output is shown, one marker corresponds to one of the simulations.

Intensity of meridional circulation and energy transport {#Sec14}
--------------------------------------------------------

In order to link the intensity of the circulation to the meridional energy transport, we start from the energy balance equation in flux form^[@CR10],[@CR11],[@CR18]^:$$\documentclass[12pt]{minimal}
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In a statistically steady state, the temporal derivative vanishes when averaged over sufficiently long time periods, and Eq. ([9](#Equ9){ref-type=""}) simplifies to$$\documentclass[12pt]{minimal}
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We now introduce the gross moist stability in a similar way as in the original work on the subject^[@CR44]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$${p}_{\rm{m}}$$\end{document}$ where the meridional wind changes direction. Applying this definition of the gross moist stability to Eq. ([15](#Equ15){ref-type=""}) yields$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\overline{{F}_{\text{H}}(\phi )}}^{t}={\overline{\Delta h(\phi )}}^{t}\langle 2\pi a{\text{cos}(\phi )}{\overline{v(\phi )}}^{\lambda ,t} {\rangle }_{{\text{p}}_{\text{m}}}\,.$$\end{document}$$We note that$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\overline{{\it{{\varPsi}} } (\phi ,{p}_{\text{m}})}}^{t}=\langle 2\pi a{\text{cos}(\phi )}{\overline{v(\phi )}}^{\lambda ,t} {\rangle }_{{{p}}_{\text{m}}},$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\it{\Psi}} (\phi ,{p}_{\text{m}})$$\end{document}$ is the Eulerian-mean meridional mass stream function and obtain$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\overline{{F}_{\text{H}}(\phi )}}^{t}={\overline{\Delta h(\phi )}}^{t}{\overline{{\it{{\varPsi}} } (\phi ,{p}_{\text{m}})}}^{t}\,.$$\end{document}$$So far the only assumptions we have made are a hemispheric symmetry and a statistically steady state. In particular, the definition of the gross moist stability here takes the energy advection due to eddies into account. We will now also assume that the mid level $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${p}_{\text{m}}$$\end{document}$ is at 500 hPa, and that this is the level where the meridional wind changes direction. This is equivalent to assuming that the streamfunction also maximizes at 500 hPa and we thus approximate$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\overline{{\it{{\varPsi}} }_{\text{max}}(\phi )}}^{t}\approx {\overline{{\it{{\varPsi}} } (\phi ,{p}_{\text{m}}=500\ \text{hPa})}}^{t}\,.$$\end{document}$$Since the mean meridional wind is typically weak in the mid troposphere, the exact choice of the mid level does not substantially affect the results^[@CR44]^. Applying Eqs. ([14](#Equ14){ref-type=""}) and ([20](#Equ20){ref-type=""}) to Eq. ([19](#Equ19){ref-type=""}) and solving for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\it{\Psi }}_{\text{max}}(\phi )$$\end{document}$ finally yields$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\overline{{\it{{\varPsi}} }_{\text{max}}(\phi )}}^{t}=\frac{{\overline{H(\phi )}}^{t}}{{\overline{\Delta h(\phi )}}^{t}}\,.$$\end{document}$$We note that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${H}_{\text{a}}$$\end{document}$ averaged over the surface area enclosed by the latitudes 0 and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi$$\end{document}$ is$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\overline{{H}_{\text{a}}}}^{[0,\phi ],t}=\frac{{\int }_{0}^{\phi {\prime} =\phi }{\int }_{0}^{2\pi }{\overline{{H}_{\text{a}}(\lambda ,\phi {\prime} )}}^{t}{\text{cos}(\phi {\prime} )}{a}^{2}\mathrm{d}\lambda \mathrm{d}\phi {\prime} }{{\int }_{0}^{\phi {\prime} =\phi }{\int }_{0}^{2\pi }{\text{cos}(\phi {\prime} )}{a}^{2}\mathrm{d}\lambda \mathrm{d}\phi {\prime} }\,.$$\end{document}$$If we denote the surface area enclosed by the latitudes 0 and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\phi$$\end{document}$ with$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A(\phi )=\int _{0}^{\phi {\prime} =\phi }\int _{0}^{2\pi }{\text{cos}({\phi }{{\prime} })}{a}^{2}\mathrm{d}\lambda \mathrm{d}{\phi }{{\prime} }$$\end{document}$$we can write$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\overline{{H}_{\text{a}}}}^{[0,\phi ],t}=\frac{{\overline{H(\phi )}}^{t}}{A(\phi )}\,.$$\end{document}$$Finally we can rewrite Eq. ([21](#Equ21){ref-type=""}) using Eq. ([24](#Equ24){ref-type=""}) as$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\it{{\varPsi}} }_{\text{max}}(\phi )=\frac{A(\phi ){\overline{{H}_{\text{a}}}}^{[0,\phi ],t}}{{\overline{\Delta h(\phi )}}^{t}}\,.$$\end{document}$$

Supplementary Information
=========================

 {#Sec15}

Supplementary Information

**Peer review information** *Nature Communications* thanks Ori Adam and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.

**Publisher's note** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

**Change history**

12/4/2019

An amendment to this paper has been published and can be accessed via a link at the top of the paper.

Supplementary information
=========================

**Supplementary Information** accompanies this paper at 10.1038/s41467-019-12167-9.

We thank Nicholas J. Lutsko and Ángel F. Adames for constructive discussions and valuable suggestions. This project has received funding from the European Research Council (ERC) under the European Union's Horizon 2020 research and innovation programme (grant agreement No 694768). This work was granted access to the HPC resources of IDRIS under the allocation 0292 made by GENCI.

S.B. and M.P. designed the study. M.P. set up the climate model, ran the simulations and performed the analysis of the model results, of the observations and the reanalysis data with suggestions from S.B. M.P. and S.B. both contributed extensively to the discussion and to the written form of the manuscript.

The processed GPCP data is available on the website of the Observations for Model Intercomparisons Project (obs4MIPs, <https://esgf-node.llnl.gov/projects/obs4mips/>). The ERA-interim data is available upon registration on the homepage of ECMWF (<https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim>). The processed data used here is available on IPSL's ClimServ <http://climserv.ipsl.polytechnique.fr/fr/les-donnees/era-interim.html> upon request. The ERA-5 data is available through Copernicus at <https://cds.climate.copernicus.eu>. The amplitude of the MJO is available at Columbia University at <https://iridl.ldeo.columbia.edu/SOURCES/.BoM/.MJO/.RMM/.amplitude/>. The monthly Niño 3.4 SST index inferred from the HadISST1 data set is available at NOAA at <https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/>. The processed CERES-EBAF data is available on IPSL's ClimServ at <http://climserv.ipsl.polytechnique.fr/cfmip-obs/>. The original data can be obtained at NASA at <https://ceres.larc.nasa.gov/>. All formated data for the analysis performed here can be obtained from the authors upon request. Due to the size of the datasets, the simulation results can only be obtained from the authors upon request.

The atmospheric component of the IPSL-5A-MR climate model LMDZ (to be run in version 5A) used in this study is freely available at <http://svn.lmd.jussieu.fr/LMDZ/LMDZ6/trunk>. The specific version of the model code that allows the prescription of the evaporation patterns can be obtained from the authors along with all necessary boundary conditions for the specific simulations and all scripts used to process the simulation results.

The authors declare no competing interests.
